The work presents the results of a comprehensive modelling study of surface and groundwater resources in the Muzza -Bassa Lodigiana irrigation district, in Northern Italy. It assesses the impact of changes in land use and irrigation water availability on the distribution of crop water consumption in space and time, as well as on the groundwater resources. A distributed, integrated surface water-groundwater simulation system was implemented and applied to the study area. The system is based on the coupling of a conceptual vadose zone model with the groundwater model MODFLOW. To assess the impact of land use and irrigation water availability on water deficit for crops as well as on groundwater system in the area, a number of management scenarios were identified and compared with a base scenario, reflecting the present conditions. Changes in land use may alter significantly both total crop water requirement and aquifer recharge. Water supply is sufficient to meet demand under present conditions and, from the crop water use viewpoint, a reduction of water availability has a positive effect on the overall irrigation system efficiency; however, evapotranspiration deficit increases, concentrated in July and August, when it may be critical for maize crops.
Introduction
The integrated planning and management of water resources involves several aspects, among which the joint consideration of surface water and groundwater resources is of paramount importance in extensively irrigated alluvial plains. In the Lombardia Plain, in the northern Italy, intensive exploitation of groundwater for civil and industrial supply coexists with massive diversions from surface water bodies, providing abundant irrigation to one of the most productive agricultural districts in Europe. In the last decades no substantial changes have occurred in the irrigation water uses in the Lombardia region, in spite of the fact that the economical and social importance of agriculture has strongly diminished. Irrigation, which is still the main water use, is now confronted with a set of problems among which the management costs of the irrigation and drainage network and the competition with civil, industrial and environmental water uses. The aim of the research is the evaluation of the effects of changes in land use and water resources allocation in a portion of the Lombardia plain. In order to do this a distributed, integrated surface water-groundwater simulation system was developed and applied to a number of realistic management scenarios which were set up considering both trends of the Common Agricultural Policy (CAP) and possible changes in water resource allocations.
Muzza Bassa Lodigiana irrigation district
The study area (approximately 700 km 2 ) is located South-East from Milan, in Northern Italy, and is representative of agricultural and irrigation practices in a wide portion of the plain of Lombardia. The hydrogeological borders are quite well defined, being represented by the Adda, Po, and Lambro rivers (respectively East, South and West) and by the Muzza canal (North). The average annual rainfall over the last 40 years is about 900 mm in the northern part of the area, and 700 mm in the southern. The soil textures range from coarse to moderately coarse in the northern part of the area and from medium to moderately fine in the south. Cereals (particularly maize) are the major crops; grass, especially permanent, covers a considerable extension of the area; non-agricultural areas cover approximately 15% of the surface. Traditional and low-efficiency irrigation methods (border irrigation and flooding) are predominantly applied in the area. Water delivery at the farm level is fixed rotational with constant flow, i.e. each farmer receives his share of water by turn (approximately every 10 -15 days). The Muzza canal, originating from the Adda river, is by far the main source of irrigation water in the district with a flow at full capacity of 110 m 3 /s. It delivers water to the whole district through an extended network of unlined channels. The total volume of water diverted over the area during the irrigation season (from middle of May to middle of September) is about 9.68 £ 10 8 m 3 .
The groundwater system is characterised by a two-layer structure, consisting of a phreatic aquifer and an underlying semi-confined aquifer. Both aquifers are exploited by civil and industrial abstractions. There is a close relationship between irrigation, groundwater resources and river flows in the area. Groundwater dynamics is strongly conditioned by the large recharge fluxes, due to the percolation of irrigation water both from fields and the channel network (water losses from the primary network are estimated to be approximately 20% of the amount diverted). On the other hand, the percolation of irrigation water is a vital source of recharge for the underlying aquifer system and provides a significant return flow through drainage to the boundary rivers.
Simulation system
The simulation system is based on the coupling of two mathematical models -a conceptual SVAT (Soil Vegetation Atmosphere Transfer) model and the groundwater model MODFLOW (McDonald and Harbaugh, 1988 ) -in the framework of a Geographical Information System (GIS) environment. The SVAT model combines the FAO-56 dual crop coefficient approach for evapotranspiration (Allen et al., 1998 ) with a conceptual model of the flow in the vadose zone, running on a daily basis. The spatial variability of soil and crops, as well as of meteorological irrigation inputs, is accounted for by subdividing the region with a regular mesh and applying the relevant equations to each grid cell. A 1-D mathematical representation of the infiltration and deep percolation processes in the soil volume obtained as a vertical projection of each cell on the underlying phreatic surface is adopted. Each soil volume is subdivided into three layers (evaporative, transpirative and percolative), modelled as three non-linear reservoirs in cascade. The calculation of the water content as well as the input and output fluxes in the three layers at the end of each time step is carried out by an implicit iterative procedure. The height of the third layer varies in time, due to the seasonal fluctuations of phreatic levels, simulated by the groundwater model; the water percolating out of this layer is the recharge input for the groundwater model.
Groundwater model considers a multi-layered representation of the aquifer, with a quasi-3D flow scheme. Flow equations are resolved by applying an implicit finite-difference scheme (MODFLOW algorithm), with a regular mesh. An interface performs the explicit coupling in space and time between the two models. A GIS manages all the information relevant to the study area and is used to prepare and continuously update the input data and model parameters. Simulation results are transferred back to the GIS for visualisation and further elaboration (see Gandolfi et al. (2002) , Facchi et al., (2002) for a description of the simulation system).
A. Facchi et al.
The simulation system was applied to the Muzza-Bassa Lodigiana irrigation, using a mesh size of 1 hectare for the SVAT model, while a coarser mesh size of 36 hectares was adopted for the groundwater model. Cell dimensions were determined on the basis of the spatial scale of the available data. Groundwater simulations were based on three months stress periods, while a daily time step was adopted for the SVAT simulation. Due to the limited availability of direct measurements, soil hydraulic properties were inferred from the known physical/chemical characteristics by indirect methods, i.e. by using pedotransfer functions (Rawls and Brakensiek, 1989) . Crops and vegetation characteristics were derived from literature data (Allen et al., 1998; Huygen et al., 1997; Borgarello et al., 1993) and verified by field surveys. Daily irrigation supply to each grid cell was estimated from the daily flow diverted by the Muzza channel and delivered to the 147 sub-districts in study area. The hydrogeological structure of the aquifer, as well as the hydrodynamic parameters for the groundwater model, were obtained from a previous study on the system (Giura et al., 1995; Gandolfi et al., 1999) . The pumping rates were derived from the available data on groundwater abstractions. Water stage measurements were used for the boundary conditions of the aquifer model (because of the hydraulic connection between groundwater system and boundary rivers). The simulation system performances were verified for the years 1999-2000 using observed water stage in rivers and groundwater level data, as well as available information on evapotranspiration fluxes (see Facchi et al. (2002) and Ortuani (2002) for further details).
Definition of scenarios
In order to assess the impact of changes in land use and water resource allocations on crop water consumption and on groundwater resources in the Muzza-Bassa Lodigiana irrigation district, four scenarios were identified. The characteristics of the different scenarios are summarized in Table 1. A "base scenario", (a), was defined to allow comparative analysis of the results of the (b), (c) and (d) scenarios, that were identified considering trends deriving from the Common Agricultural Policy (CAP) and possible changes in water resource allocation to agriculture. For scenarios (a), (c) and (d), the water available for irrigation was kept constant to the present value. Scenario (b) maintains the same land use of the base scenario, but includes a 30% reduction of water volume distributed for irrigation compared to the base scenario.
Simulations of all the scenarios were run with the same ten years (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) of weather data, as well as with the same initial and boundary conditions for both the unsaturated zone and the groundwater models. The same water delivery policy, irrigation method (border irrigation with a fixed application depth of 250 mm) and irrigation scheduling criterion were also used. Irrigation scheduling considers that water application takes place when the water is available according to the turn and when the soil water deficit exceeds a certain threshold (fixed as the 80% of the readily available soil water). Finally, land use and cropping practices were held constant throughout the simulation period.
Results and discussion
Scenario results were evaluated by comparison with the "base case" scenario (a). They were grouped and analysed on the basis of the differences in: (i) crop water requirement, (ii) irrigation water consumption, (iii) groundwater recharge, over the entire irrigated area. Figure 1 and Table 2 show the evapotranspiration under standard conditions (i.e. crop water consumption with no water limitation on crop growth (Allen et al., 1998)) calculated over the entire irrigation district for the three different land use/cropping practice scenarios (a), (c) and (d). Figure 1 .I shows the three-monthly averages over the simulation period (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) , while Figure 1 .II shows the pattern of the annual values. The higher evapotranspiration values of the "base case" scenario are mainly due to temporary grass and single and double-crop maize. Inter-annual variability is quite limited, while both scenarios (c) and (d) give a significant reduction of the peak seasonal (July -September) evapotranspiration, which drops from 340 mm in case (a) to approximately 250 mm both in (c) and (d). All scenarios were analysed in terms of the quantity of water actually applied to the fields during the irrigation season. Figure 2 .I shows the annual volumes (Mm 3 ) for the different scenarios, and Figure 2 .II the ten-days average flows obtained for scenario (a) in the two years (1996 and 1997) in which the annual volume was highest and lowest, respectively. The latter figure shows that the irrigation flow is highly variable during the irrigation season, usually peaking up to approximately 60 m 3 /s in July, when maize water requirement is higher. The role of rainfall inputs may be significant in reducing irrigation flow and volume, as it is demonstrated by the simulated patterns of year 1997, when heavy rainfalls occurred in the irrigation season. It must be observed, however, that the peak flow does not generally diminish in wet years.
Crop water requirements
Scenario (c) has the smallest irrigation volumes, mostly due to the reduction of the irrigated area (winter cereal water requirement is satisfied by the rainfall before the irrigation season). The decrease in irrigation volumes of scenario (d), compared to the base scenario, is due to the shorter vegetative period of maize. Results also show that the present water supply is sufficient to satisfy the crop water requirement of scenario (a), with practically no significant failure over the whole simulation period (i.e. standard and actual evapotranspiration are always very close), while it exceeds the crop water requirements of scenarios (c) and (d) (see Table 2 ). Finally, the effect of the 30% reduction of irrigation volume in scenario (b) can be seen in the difference between standard and actual transpiration: actual transpiration of irrigated crops over the irrigation season amounts to 419 mm, while the standard value is 478 mm. Therefore the transpiration deficit is 13% only, though it must be underlined that it is mostly concentrated in July and August, when it may be critical for maize crops. Figure 2 I, annual volumes of irrigation over the study area; II, ten-days average flows applied to the fields over the study area in years 1996 -1997 compared with ten-days cumulative rain and rechargescenario (a) Figure 3 shows the patterns of total groundwater recharge for the four scenarios. Figure 3 .I shows the three-monthly average recharge for the period 1993-2002 is shown. In Figure 3 .II the pattern of the annual value during the simulation period is illustrated. Table 2 reports the average values of recharge over the simulation period, together with the deviation from the "base case" scenario and the ratio between recharge and rainfall plus irrigation. The values of this ratio are influenced by both crop water use and rainfall interception. In fact, the higher value of scenario (d) is mainly due to the longest period in the year during which the soil is bare.
The spatial distribution of average recharge for scenarios (a) and (b) are plotted in Figure 4 .I and 4.II, while the effect of the modified recharge on groundwater is illustrated in Figure 4 .III, showing the difference in average water table depth between the two scenarios. It can be seen that differences, which are obviously small in the vicinity of the fixed head boundaries, reach values of approximately 1 m in the Southern part of the study area.
Concluding remarks
Understanding the interaction between soil, vegetation and atmosphere processes and groundwater dynamics is of paramount importance in water resources planning and management in extensively irrigated alluvial plains. Mathematical simulation models may play a major role as decision support tools, since they improve the understanding of the most important physical processes and may be used to predict the effects of selected planning decisions or likely changes in the climate patterns. The simulation system presented in the paper includes all the most important processes at the regional scale and explicitly accounts for the spatial and temporal variability of crop cover, management practices and rainfall/irrigation distribution, as well as for the spatial variability of soil types and groundwater hydraulic properties. It was first calibrated and then applied to the Muzza Bassa Lodigiana irrigation district (northern Italy) to simulate a number of scenarios, including possible changes in land use and irrigation water supply, as well as a "base" scenario defined considering current land use and water availability for irrigation. Indeed, comparative analysis of the different scenarios was the major focus of the study, rather than predicting the specific amount of the water balance components for each scenario. All simulation were run using the same meteorological data set (years 1993 -2002) and assuming constant land use, cropping and irrigation practices, water delivery policy and irrigation scheduling criterion over the simulation period. The following points emerge from the analysis of the results. † Land use changes, that may be induced by Agenda2000 in the study area, significantly alter total crop water requirement. The two land-use change scenarios that were analysed, (c) and (d), cause a reduction of crop water requirement of approximately 30 and 20%, respectively. It must be underlined that both scenarios represent quite extreme cases, with very significant land use changes. Therefore they can be considered as upper bounds to the impact of Agenda2000 on water requirements. † The present water supply meets crop water requirement under the conditions of current land use and irrigation practices (scenario (a)). It becomes overabundant when modified land use scenarios, (c) and (d), are considered. † Under the current irrigation practices a reduction of annual irrigation volume of 30% causes a 13% deficit in transpiration. Therefore, from the crop water use point of view, the overall irrigation system efficiency increases; however, the deficit is concentrated in July and August, when it may be critical for maize crops. Moreover it must be underlined that changes in water allocation to irrigation imply modifying the management and, possibly, structural characteristics of the conveyance and distribution networks; these aspects were not analyzed here. † Aquifer recharge varies significantly with the different scenarios (20% and 17% decrease compared to the "base case scenario" for scenario (b) and (c), respectively). This is reflected in changes in the average aquifer depth reaching 1 m in the southern part of the study area.
